Classical or transferase-deficient galactosaemia is an inherited metabolic disorder caused by mutation in the human Galactose-1-phosphate uridyl transferase (GALT) gene. Of some 170 causative mutations reported, fewer than 10% are observed in more than one geographic region or ethnic group. To better understand the population history of the common GALT mutations, we have established a haplotyping system for the GALT locus incorporating eight single nucleotide polymorphisms and three short tandem repeat markers. We analysed haplotypes associated with the three most frequent GALT gene mutations, Q188R, K285N and Duarte-2 (D2), and estimated their age. Haplotype diversity, in conjunction with measures of genetic diversity and of linkage disequilibrium, indicated that Q188R and K285N are European mutations. The Q188R mutation arose in central Europe within the last 20 000 years, with its observed east-west cline of increasing relative allele frequency possibly being due to population expansion during the re-colonization of Europe by Homo sapiens in the Mesolithic age. K285N was found to be a younger mutation that originated in Eastern Europe and is probably more geographically restricted as it arose after all major European population expansions. The D2 variant was found to be an ancient mutation that originated before the expansion of Homo sapiens out of Africa.
Introduction
Galactosaemia is an autosomal recessive disorder of carbohydrate metabolism that can be caused by a defect in any one of the three enzymes involved in the metabolism of galactose through the Leloir pathway. The most common cause of galactosaemia, however, is deficiency of the galactose-1-phosphate uridyl transferase (GALT) enzyme; this is sometimes termed as transferase-deficient or classical galactosaemia (On-line Mendelian Inheritance In Man no. 230400). The disease usually presents in the neonatal period with symptoms including vomiting, diarrhoea, failure to thrive, jaundice and Escherichia coli sepsis. The incidence of transferasedeficient galactosaemia varies worldwide, ranging from 1 in 23 000-40 000 in Europe (Murphy et al., 1999) and 1 in 50 000 in the USA (Suzuki et al., 2001 ) to 1 in 1 000 000 in Japan (Hirokawa et al., 1999) .
The human GALT gene maps to chromosome 9p13 and more than 170 causative mutations in transferasedeficient galactosaemia have been described (ARUP Laboratories GALT Mutation Database), fewer than 10% of which are found in more than one geographic region or ethnic group (Tyfield et al., 1999) . The most common mutations are Q188R (c. 563A4G), K285N (c. 855G4T), L195P (c. 584T4C), and S135 L (c. 404C4T). Q188R is the predominant mutation in galactosemic patients of European descent and accounts for approximately 64% of all GALT mutations. The mutation reaches its highest frequency in Ireland (93.6%) (Murphy et al., 1999) and shows a gradient of declining frequency through Europe in a south-easterly direction (Tyfield et al., 1999) . K285N is the second most common European mutation, especially in the countries of central and eastern Europe where it can account for up to 34% of galactosaemia alleles (Greber-Platzer et al., 1997; Kozak et al., 2000) .
Both of these mutations are rare in galactosaemic patients of non-European ancestry (Ng et al., 1994; Ashino et al., 1995) .
Another common GALT nucleotide substitution, N314D (c. 940A4G), is associated with two variants of galactosaemia that have altered transferase activity but have subclinical phenotypes. These variants are Duarte-1 (Los Angeles, D1) and Duarte-2 (D2). The D1 variant is associated with increased transferase activity (110-130% of normal) whereas the D2 variant is associated with decreased enzyme activity. For D1 alleles, N314D is in linkage disequilibrium with the L218L silent substitution (c. 652C4T) (Reichardt et al., 1991; Elsas et al., 1994) . In the case of D2 alleles, the N314D polymorphism is in linkage disequilibrium with three intronic substitutions (IVS4nt-27g4c, IVS5nt-24g4a, IVS5nt þ 62g4a) and a 4 bp deletion in the GALT promoter (Kozak et al., 1999) . This 5 0 UTR-119delGTCA deletion has been identified as the cause of reduced transferase activity in D2, due to its effect on the GALT promoter (Elsas et al., 2001; Trbusek et al., 2001) , and it has been shown more recently to reduce GALT mRNA abundance (Carney et al., 2009) . The overall frequency of N314D worldwide is approximately 10%, with some variation in the ratio of D2/D1 allele frequencies (Suzuki et al., 2001; Tighe et al., 2004) . The N314D polymorphism has been found in all populations screened to-date and in association with the same linked polymorphisms for D1 and D2, suggesting that the Duarte variants are the result of ancient mutations.
Although some inferences can be made about the history of GALT mutations based upon frequency data, a more complete description of their population history depends on determining the place and time of origin of the mutations and an explanation of their presence, frequency and geographic distribution. To perform this task, we have identified flanking polymorphic markers that have allowed the reconstruction of haplotypes associated with particular GALT alleles. Using haplotype analysis, we have now defined the origin and age of the three most common galactosaemia mutations (Q188R, K285N and D2) in a large sample of galactosaemia patients from 10 European population groups.
Methods
DNA samples from patients and controls DNA samples (n ¼ 320) were obtained from galactosaemia patients and heterozygotes of known genotype from 10 European population groups with appropriate local ethical approval through the collaborating centers: Republic of Ireland (n ¼ 62), Northern Ireland (n ¼ 14), United Kingdom (n ¼ 38), Denmark (n ¼ 23), The Netherlands (n ¼ 27), Germany (n ¼ 41), Austria (n ¼ 58), Poland (n ¼ 31), Czech Republic (n ¼ 12) and Spain (n ¼ 14). These comprised Q188R alleles (65.9%; n ¼ 422), K285N (9.2%; n ¼ 59), Duarte-2 (D2), (9.4%; n ¼ 60), low-frequency mutations (6.9%; n ¼ 44) and wild-type alleles (8.6%; n ¼ 55). Control DNA samples (n ¼ 60) from individuals of Irish ethnicity were obtained with informed consent and local ethical approval; these were used to analyse the extent of polymorphism of candidate SNP and STR markers. In addition, a set of anonymized singleton DNA samples from 15 European populations (n ¼ 117) was used to assess the level of wild-type GALT haplotype diversity; these were obtained previously in the context of a study of PAH gene VNTR sequence diversity (Tighe et al., 2003) and included: Republic of Ireland (n ¼ 72), Northern Ireland (n ¼ 10), Scotland (n ¼ 8), Spain (n ¼ 5), Germany (n ¼ 7), Denmark (n ¼ 4) and Poland (n ¼ 11).
Identification of polymorphic markers
A largely bioinformatics-driven approach was used to identify polymorphic single nucleotide polymorphism (SNP) and short tandem repeat (STR) markers within an approximately 230 kbp interval flanking the galactose-1-phosphate uridyl transferase locus. The SNP Consortium Database (http://www.hapmap.org/) was used to search for SNPs that lay within the GALT interval. Ten candidate SNPs were identified, of which six were found to be polymorphic (having a minor allele frequency of 5% or greater) by genotyping in a panel of 60 control Irish DNA samples:
One STR marker, AFM326vd1, was identified within the GALT interval by searching the ENSEMBL database (http://www.ensembl.org/). To identify additional STRs, three genomic sequence contigs spanning the GALT interval (AL162231, AL450283 and AL160270) were downloaded from EN-SEMBL and candidate dinucleotide STRs were identified by simple repeat text-string searches. This process yielded nine candidate STRs, which were assessed for polymorphism by genotyping in the same control DNA panel. Three of nine (STRs J5, J7 and J8) were found to be polymorphic and were fully characterized by sequencing (data not shown); J7 was found to be AFM326vd1, whereas J5 and J8 were novel STR markers. The oligonucleotide primers used for genotyping are given in the Supplementary Table S1 .
Genotype acquisition and haplotype reconstruction Patient and control DNA samples were genotyped for the eight SNP and three STR markers by standard laboratory methods, typing the SNPs in PCR-RFLP assays and the STRs by PCR amplification using fluorescently labelled primers and allele sizing on an ALFexpress automated DNA sequencer (Amersham Pharmacia Biotech, Little Chalfont, UK). SNP genotypes were called by visual inspection of electrophoresis gels, whereas STR genotypes were determined using the AlleleLinks software package (Amersham Pharmacia Biotech). Haplotypes were reconstructed from genotypic data by means of the PHASE 2.1 software (Stephens et al., 2001; Stephens and Donnelly, 2003) ; optimal run length was determined empirically according to the recommendations of Stephens and Donnelly (2003) .
Statistical methods
Measures of genetic diversity and linkage disequilibrium were estimated using the Arlequin (Excoffier et al., 2005) and DnaSP (Rozas and Rozas, 1999) software packages. Median-Joining (MJ) networks were constructed using the Network v4.112 software (Bandelt et al., 1999) . The ages of the most common mutations were estimated using two different methods. The first technique used is based on a maximum-likelihood method (Slatkin and Rannala, 1997 ) that assumes the frequency of the mutation and the genetic variation in the sample of affected chromosomes (related to the coalescence times of the intra-allelic gene genealogy) are expected to increase with time since the mutation occurred. This method jointly analyses these two pieces of information using a stochastic birth-death process. The second method is based on the (dm) 2 distance at microsatellite markers between all chromosomes carrying a specific mutation, with the expectation that (dm) 2 will increase in an approximately linear fashion with time (Goldstein et al., 1995) .
Results

Development of a GALT Haplotype
The purpose of this work was to develop a set of SNP and STR markers for the construction of haplotypes in transferase-deficient galactosaemia. We used in silico analyses to identify six polymorphic SNPs in the region flanking the GALT gene:
and rs1566591 [C/T]. We combined these SNPs with the two previously characterized intragenic GALT SNPs, IVS5nt-24g4a (Sac I) and c.652c4t (L218L), to form the basis of the haplotype framework. We further identified three dinucleotide STR markers, J5, AFM326vd1 (J7) and J8, through a combination of bioinformatics and genetic screening. We combined the eight SNP and three STR markers to produce the GALT compound haplotype (Figure 1 ). The compound haplotype flanks the 4.2 kbp GALT locus on the short arm of chromosome 9 (nt. 34 636 634-34 640 570), covering an approximately 232 kbp interval (nt. 34 561 450-34 793 688) (Figure 1 ). The eight SNP markers that constitute the backbone of the haplotype cover a span of approximately 166 kbp (nt. 34 627 990-34 793 688). We analysed this chromosomal region using the HapMap data (www.hapmap.org; October 2005 release) and our analysis indicated the presence of a possible recombination 'hot-spot' between SNP markers rs2252539 and rs2249561 in the approximate 34 688 000-34 695 000 interval (Figure 1 ). However, when we examined analyses of pairwise linkage disequilibrium between SNPs across the interval, the 'hotspot' had negligible effects on the haplotypes observed (data not shown). We genotyped patient and control DNA samples for all 11 polymorphic markers and we constructed haplotypes using the PHASE 2.1 software. A total of 179 compound haplotypes were found in 275 control chromosomes (all haplotype definitions are listed in the Supplementary Table S2 ).
Transferase-deficient galactosaemia haplotypes Analysis of the Q188R alleles determined that there were 34 compound haplotypes associated with them, of which G1A [01011100 (AC) 14 (CA) 14 (GT) 10 ] was the most common, occurring at an overall frequency of 0.823 (347 out of 422 alleles). Within the Irish samples, 32 out of 80 Q188R alleles (40%) were of Irish traveller ethnicity. The travellers are a distinct ethnic group in Ireland and there is some debate as to their origins (Murphy et al., 1999) . The G1A compound haplotype was the prevalent haplotype in both populations (B100% frequency). The MJ network of Q188R compound haplotypes (Figure 2a) showed a relatively extended network centred on the majority, presumably ancestral, G1A haplotype. In contrast, we observed that the MJ network of wild-type GALT chromosomes (Figure 2d ) was greatly extended and contained 179 haplotypes, the most common of which [G2D; 11010100 (AC) 15 (CA) 18 (GT) 10 ] occurred at a frequency of 0.053. We found that G1A, the putative ancestral Q188R haplotype, occurred at a frequency of 0.018 in all of the wild-type samples. Estimates of genetic diversity (h) for SNP-only haplotypes revealed (Table 1) . The second most common GALT mutation in Europe, K285N, was associated with nine compound haplotypes, of which G3P [11010011 (AC) 15 (CA) 18 (GT) 11 ] was the majority haplotype occurring at a frequency of 0.678 (40 out of 59 alleles). The MJ network of K285N haplotypes was minimally extended compared with that of Q188R and, particularly, to that of wild-type chromosomes (Figure 2) . SNP-only haplotypes exhibited an overall genetic diversity of 0.381±0.076.
Examination of the D2 variant chromosomes showed that the D2 compound haplotypes produced an extended MJ network that lacked an obvious ancestral node ( Figure 2c) ; six of the 30 haplotypes in the network [G10A, G10B, G10C, G12B, G12C, G13D] had frequencies of 0.051 or greater with all others occurring at lower frequencies. An examination of SNP-only haplotypes associated with D2 (data not shown) identified haplotype G10 [10011100] as the putative ancestral SNP haplotype. We found that D2 SNP-only haplotypes had an h value of 0.793±0.030 overall (Table 1) , a value closer to that determined for wild-type chromosomes than h values for either Q188R or K285N chromosomes.
GALT mutation age estimation The differences in haplotype network structure and SNPonly haplotype diversity between Q188R, K285N, D2 and wild-type chromosomes were suggestive of different ages for the mutant alleles. To investigate this further, we used the d parameter of Risch et al. (1995) to estimate the degree of linkage disequilibrium (LD) across the interval spanned by the GALT compound haplotype for Q188R, K285N and D2 (Figure 3) . For each mutation, the d parameter calculates the proportion of mutant chromo- Values of h are given as mean±s.d. The number of chromosomes (n) included in the analysis for each allele type and population sample is given in brackets. ND, not determined; either allele not detected or no regional samples available.
somes still bearing the ancestral associated allele. In the case of all three mutant alleles, we observed the highest values of d in the interval containing the GALT locus with values declining to lesser extents outside. Q188R and K285N showed similar extents of LD within and flanking this interval whereas d values for D2 fell markedly on the centromeric and telomeric sides of the interval. This suggests that D2 is considerably older than either Q188R or K285N. For a more accurate mutation age estimation, the (dm) 2 distance method of Goldstein et al. (1995) was performed using three different STR mutation rates (1 Â 10 À4 , 5 Â 10
). Of these, the 5 Â 10 À4 mutation rate is likely to approximate most closely to the average mutation rate for autosomal STR loci (Cooper et al., 1999) with the other values serving as upper and lower bounds. The (dm) 2 values yielded age estimates for Q188R, K285N and D2 of 19 467, 4617 and 246 051 years, respectively ( Table 2) . As an independent measure of allele ages based upon STR diversity, allele ages were computed also using the intra-allelic coalescent method of Slatkin and Rannala (1997) for a range of values of x, the growth/selection coefficient. The x coefficient varies in the range À1 to 1, negative values indicating population decline and/or negative selection and positive values indicating population growth and/or positive selection (Slatkin and Rannala, 1997) . Choosing a value of x is difficult, but estimates suggest that a value of between 0.005 and 0.010 may reflect most accurately population growth over the history of the European population (Slatkin and Bertorelle, 2001) . Using a x value of 0.010, this method yielded age estimates for Q188R, K285N and D2 of 26 875, 20 575 and 33 100 years, respectively (Table 2) .
Discussion
Considerable effort has been devoted to cataloguing GALT mutations in transferase-deficient galactosaemia worldwide, showing that most mutations are rare with only a few being observed in multiple geographic regions and/or ethnic groups (Tyfield et al., 1999) . Attention has focused on the small number of more widespread mutations (including Q188R, K285N and N314D) in an attempt to draw inferences about their origins and age from frequency and geographic distribution data. Such studies have suggested that Q188R and K285N arose in Europe within the last 50 000 years whereas N314D may have originated much earlier in an ancestral African population (Tyfield et al., 1999) . However, there is some debate as to where these mutations originated and their subsequent spread (Tyfield et al., 1999) . In an effort to shed more light on these basic conclusions, we have established a haplotyping system for the GALT locus and investigated the haplotype diversity associated with wild-type and mutant GALT alleles.
We have shown that the Q188R alleles gave rise to a moderately extended MJ network of haplotypes centred on the most common, putatively ancestral, G1A haplotype (Figure 2a) . In contrast, wild-type alleles demonstrated a considerably more diverse network in which all haplotype nodes were represented at frequencies of 5% or less (Figure 2d ). This difference in diversity was reflected at the level of SNP-only haplotypes and the Q188R haplotype genetic diversity demonstrated differences across Europe by region, with higher h values in central Europe relative to the 'Atlantic Façade' (Table 1) . Allele ages were computed using the (dm) 2 distance and the intra-allelic coalescent methods. All allele ages are estimated based upon a generation time (g) of 27. Given that the relative frequency of the Q188R allele is known to increase across Europe from south-east to north-west (Murphy et al., 1999; Tyfield et al., 1999) , this implies that Q188R haplotype genetic diversity decreases as relative Q188R allele frequency increases from central Europe to the 'Atlantic Façade'. As more haplotype divergence is expected where the mutation has resided longest, the Q188R mutation appears to have originated in central Europe. Our haplotype analysis of the Q188R mutation described above defines an origin of the Q188R mutation in central Europe with age estimates of 19 467 (CI 5022-33 912) and 26 875 (CI 23 225-33 475) years using the (dm) 2 and the Slatkin methods, respectively. These results argue against Ireland having been the 'centre of diffusion' of Q188R in Europe (Murphy et al., 1999) , and this finding indicates that Q188R was carried across Europe from a central/eastern European source by human migration. There is extensive genetic and archaeological data that describes the population history of the European continent, with three large-scale population events having been inferred; the Palaeolithic, Mesolithic and Neolithic expansions (Barbujani and Bertorelle, 2001 ). The Mesolithic expansion occurred approximately 18 000 years ago, following the last glacial maximum, when human populations expanded from their glacial refugia to repopulate Europe (Hewitt, 2000) . The estimated age of Q188R falls within this time period, indicating that the gradient of Q188R relative allele frequency across Europe may reflect repeated founder effects and genetic drift during this migration.
We found that the haplotypes of the K285N alleles produced an MJ Network centred on the ancestral G3P haplotype that was considerably less extended than that for Q188R and, particularly, that for wild-type alleles (Figure 2 ). Like Q188R, this was reflected in a reduced overall h value for SNP-only haplotypes associated with K285N compared with wild-type alleles (Table 1) . The SNP-only haplotypes showed an overall genetic diversity of 0.381 ± 0.076 with some indication of differences by region, though sample numbers were too small to allow a pattern to be discerned (Table 1) . Our age estimates of K285N yielded ages of 4617 (C.I 351-8883) and 20 575 (C.I 16 900-27 850) years using the (dm) 2 and the Slatkin methods, respectively. We found that the age estimates generated for K285N were consistently lower than Q188R for each method used. This confirms that K285N is a younger mutation than Q188R, and a more recent origin would explain why K285N is more geographically restricted compared with Q188R.
The D2 alleles produced a markedly different picture, with a substantially extended MJ network lacking an obvious ancestral node (Figure 2 ) and an overall h value for SNP-only haplotypes closer to that for wild-type alleles than to the values determined for Q188R and K285N (Table 1) . As D2 alleles from all populations sampled thus far preserve the linkage disequilibrium relationship between N314D, the three intronic substitutions and the promoter deletion [IVS4nt-27g4c, IVS5nt-24g4a, IVS5nt þ 62g4a, 5 0 UTR-119delGTCA], it is likely that the D2 extended MJ network is not the result of recurrent mutation, but rather reflects a mutation event that occurred far earlier than those which gave rise to Q188R and K285N (Tyfield et al., 1999) . Given that linkage disequilibrium decays progressively with allele age, we used the d parameter of Risch et al. (1995) to investigate LD across the haplotype span for the three mutations (Figure 3 ). We demonstrated that there was strong LD in the region flanking the GALT locus and that the LD patterns supported the hypothesis that D2 is considerably older than either Q188R or K285N. It is interesting to note that d values for D2 fell off more sharply on the centromeric side of GALT, perhaps consistent with the presence of a recombination 'hotspot' between SNP markers rs2252539 and rs2249561. Estimations of D2 allele age yielded average values of 246 051 (C.I 15012-477 090) and 33 100 (C.I 29 175-40 525) years using the (dm) 2 and the Slatkin methods, respectively. Of all three mutations analysed, calculation of D2 allele age showed the greatest degree of variability between the age estimation methods. This is most likely due to the difficulty in accurately calculating the age of an allele associated with a large degree of diversity. In particular, the ages of origin generated by the intra-allelic coalescent method were considerably younger than those produced by the (dm) 2 method. This probably reflects the fact that the analysis was performed with the full STR data set, such that the diversity captured by the STR markers is actually distributed across a range of nodes within the D2 haplotype network rather than being associated with a majority (ancestral) node as is the case with Q188R and K285N. Overall, haplotype analysis of D2 was consistent with the mutation being an ancient event that probably arose early in human evolution despite having a wide range (15 012-477 090 years) in its estimated age of origin. This is in accordance with similar conclusions based upon cross-species analysis of GALT sequence variants (Carney et al., 2009) .
In this study, we have demonstrated the increased power afforded by the analysis of haplotypes in delineating the origins of disease-causing mutations. Similar to haplotype analysis of the phenylalanine hydroxylase (PAH) gene (Tighe et al., 2003) , haplotype analysis of the GALT gene has ascertained the genetic history of three common GALT mutation, while also giving some insight into human migration.
